Insulin resistance, a hallmark of type 2 diabetes, is associated with oxidative stress. However, the role of reactive oxygen species or specific antioxidant enzymes in its development has not been tested under physiological conditions. The objective of our study was to investigate the impact of overexpression of glutathione peroxidase 1 (GPX1), an intracellular selenoprotein that reduces hydrogen peroxide (H 2O2) in vivo, on glucose metabolism and insulin function. The GPX1-overexpressing (OE) and WT male mice (n ‫؍‬ 80) were fed a selenium-adequate diet (0.4 mg͞kg) from 8 to 24 weeks of age. Compared with the WT, the OE mice developed (P < 0.05) hyperglycemia (117 vs. 149 mg͞dl), hyperinsulinemia (419 vs. 1,350 pg͞ml), and elevated plasma leptin (5 vs. 16 ng͞ml) at 24 weeks of age. Meanwhile, these mice were heavier (37 vs. 27 g, P < 0.001) and fatter (37% vs. 17% fat, P < 0.01) than the WT mice. At 30 -60 min after an insulin challenge, the OE mice had 25% less (P < 0.05) of a decrease in blood glucose than the WT mice. Their insulin resistance was associated with a 30 -70% reduction (P < 0.05) in the insulin-stimulated phosphorylations of insulin receptor (␤-subunit) in liver and Akt (Ser 473 and Thr 308 ) in liver and soleus muscle. Here we report the development of insulin resistance in mammals with elevated expression of an antioxidant enzyme and suggest that increased GPX1 activity may interfere with insulin function by overquenching intracellular reactive oxygen species required for insulin sensitizing.
T ype 2 diabetes is one of the fastest growing and most costly disorders worldwide. Because insulin resistance precedes the onset of type 2 diabetes, it is generally considered to be an important factor in the pathogenesis of the disease (1) . Although there is substantial evidence that hyperglycemia results in the generation of reactive oxygen species (ROS) and increased oxidant stress in the late complications of diabetes (2) , the role of ROS in the development of insulin resistance (3, 4) , especially at the whole-body level, remains virtually unknown. Selenium (Se) is an essential micronutrient that functions mainly through Se-dependent proteins. Glutathione peroxidase 1 (GPX1, EC 1.11.19 ) is the first identified (5) and the most abundant selenoprotein (6) in mammals. The enzyme is expressed in both cytosol and mitochondria (7) and uses glutathione to reduce H 2 O 2 and organic hydroperoxides. Overexpression or knockout of GPX1 renders mice resistant or susceptible to acute oxidative stress (8, 9) but has no effect on the expression of other Se-dependent or antioxidant enzymes (10) . Although an insulin-mimetic property of Se has been shown in isolated adipocytes (11) or in streptozotocin-induced diabetic rodents (12, 13) , the role of any specific selenoprotein in the development of insulin resistance has not been studied in humans or animals.
Insulin imparts a vital role in glucose metabolism and homeostasis, and its action is mediated through a tightly regulated signaling cascade (14) . When insulin binds the insulin receptor, a heterotetrameric glycoprotein with two extracellular ␣-subunits (135 kDa) as the binding site and two transmembrane ␤-subunits (95 kDa) as the tyrosine kinase, the receptor undergoes autophosphorylation that increases the kinase activity. The activated insulin receptor phosphorylates insulin receptor substrate proteins, leading to activation of phosphatidylinositol (PI) 3-kinase (15) . Activation of PI3-kinase can enlist PI3-kinasedependent kinase and the serine͞threonine kinase Akt from the cytoplasm to the plasma membrane. This event causes conformational changes in Akt, which allows PI3-kinase-dependent kinase to phosphorylate Thr 308 and Ser 473 in the protein. The activation of Akt leads to the activation of glycogen synthesis and the translocation of glucose transporter 4 to the cell membrane for glucose transport (16) . Any alteration in phosphorylation or dephosphorylation of these signal proteins, from the insulin receptor to many downstream signal proteins such as Akt, may affect insulin function. In fact, insulin resistance is associated with impaired Akt activation (17) , and insulin responsiveness can be improved by knockout of protein tyrosine phosphatase 1B, which dephosphorylates the insulin receptor (18) . Although ROS such as H 2 O 2 are known to inhibit phosphatases, their role in insulin signaling has been controversial (19) (20) (21) (22) . This is largely due to the difficulty in specifically altering or measuring intracellular ROS concentrations. Because overexpression or knockout of antioxidant enzymes such as GPX1 in mice modulates intra-or subcellular levels of ROS (7), these transgenic animals may be used to clarify the physiological role of ROS in insulin action.
During our oxidant stress research, we observed that old GPX1 overexpression mice (OE mice) became heavier than the WT mice. Therefore, this study was conducted to determine the effect of GPX1 overexpression on blood glucose, plasma insulin and leptin, body weight and composition, insulin responsiveness, and signaling in mice from 8 to 24 weeks of age. Strikingly, we found that the OE mice developed hyperglycemia, hyperinsulinemia, and mild insulin resistance at 24 weeks of age. This abnormality was associated with attenuations in the insulinmediated phosphorylation of insulin receptor and Akt in liver and͞or muscle. mice used in this study (n ϭ 80) were bred in our mouse facility and were 8-week-old males at the start of the experiment. All mice were fed a Se-adequate diet (0.4 mg͞kg) (6), given free access to feed and distilled water, and housed in shoebox cages in a constant temperature (22°C) animal room with a 12-h light͞dark cycle. All experiments were approved by the Institutional Animal Care and Use Committee at Cornell University and conducted in accordance with National Institutes of Health guidelines for animal care.
Blood Glucose, Plasma Insulin, and Plasma Leptin. Mice (n ϭ 4-6 per genotype) were fasted overnight for 8 h before determinations of whole-blood glucose, plasma insulin, and plasma leptin at various time points. Whole-blood glucose was determined by clipping tails and using the Glucometer Elite system (Bayer, Elkhart, IN) with Ascensia Elite blood glucose test strips as described by the manufacturer. For determination of insulin or leptin, plasma samples were prepared from whole blood that was collected by heart puncture using a heparinized syringe after mice were anesthetized with carbon dioxide. Plasma insulin was determined by using a rat insulin ELISA kit with mouse insulin as a standard (Crystal Chem, Downers Grove, IL). Plasma leptin was determined by using an ELISA kit with mouse leptin as a standard (Crystal Chem). Insulin Sensitivity. Blood glucose reductions after insulin challenge were used to determine insulin sensitivity of WT and OE mice (n ϭ 8-13 per genotype) at 8 and 24 weeks of age. Both groups were fasted overnight (8 h) and then given an i.p. injection of 0.25 unit of insulin per kg of body weight. Wholeblood glucose was determined at 0, 30, 60, 120, and 240 min after the insulin injection, and the data were presented as the relative percentage of the initial levels.
Antioxidant Enzyme Activity. At the end of the experiment, mice (24 weeks of age) were killed to collect liver, soleus muscle, and plasma samples for enzyme activity assays (6) . Before the assays, tissue samples (n ϭ 3-5 for each genotype) were thawed on ice and homogenized (Polytron PT3100; Brinkman Instruments, Littau, Switzerland) in selected buffers. Activities of the Sedependent GPX1, GPX3 (plasma GPX), and GPX4 (phospholipids hydroperoxide GPX), and the Se-independent glutathione S-transferase were measured as described (6) . Se-dependent thioredoxin reductase activity was determined by using the NADPH-dependent reduction of 5,5Ј-dithiobis-(2-nitrobenzoic acid) method (23) . The Cu,Zn-superoxide dismutase and Mnsuperoxide dismutase activities were measured by using a watersoluble formazan dye kit (Dojindo Molecular Technologies, Gaithersburg, MD). Protein was determined as described by Lowry et al. (24) .
Western Blotting, Immunoprecipitation, and Insulin Signaling. Liver and muscle samples used for Western blot analysis were homogenized in buffer A [100 mM Tris, pH 7.4͞250 mM sucrose͞protease inhibitor mixture (1 mM sodium pyrophosphate͞1 mM sodium orthovanadate͞10 g of leupeptin per ml͞10 g of aprotinin per ml͞1 M microcystin͞1 mM PMSF͞10 mM sodium fluoride)]. The samples used for immunoprecipitation were homogenized in buffer B (50 mM Hepes, pH 7.6͞100 mM sodium chloride͞1% Triton X-100͞5 mM EDTA͞protease inhibitor mixture as in buffer A). Tissue homogenates were centrifuged at 14,000 ϫ g for 10 min at 4°C. Western blotting was performed as described (25) , by using a chemiluminescent method (Supersignal West Pico kit; Pierce) for signal detection. The relative density of the protein bands was quantified by using the Alpha-Imager 2200 system (Alpha Innotech, San Leandro, CA).
For determination of hepatic insulin receptor (␤-subunit) phosphorylation, mice (24 weeks of age, n ϭ 6 per genotype) were fasted overnight (8 h) and were injected (i.p.) with insulin (5 units͞kg). Mice were killed 3 min after the injection and liver samples were excised, mixed with buffer B, and homogenized immediately on ice. The immunoprecipitation was performed as described by Cheng et al. (25) . Briefly, supernatants (0.2 mg of protein) from liver homogenates were precleared by incubation with 5 l of rabbit serum and 30 l of protein A-Sepharose beads (50% slurry) for 30 min at 4°C. After centrifugation at 3,000 ϫ g for 1 min, the supernatants were incubated with the antibody against insulin receptor ␤-subunit overnight at 4°C with rotation. After the preparation was incubated with 50 l of protein A beads for 30 min at 4°C with rotation, the beads were washed four times with 1 ml of buffer B on ice. Buffer B (20 l) and 5ϫ SDS buffer (20 l) were then added to the washed beads and used for Western blot analysis with the antibody against phosphotyrosine (4G10). For the determination of Akt protein and phosphorylation, liver and soleus muscle samples were collected 8 min after mice (24 weeks of age, n ϭ 6-8 per genotype) were injected (i.p.) with 10 units of insulin per kg (this insulin dose and exposure time was chosen for reliable signals). The tissue samples were homogenized in buffer A and subjected to Western blot analysis with the appropriate antibody as described above.
Statistical Analysis. Data were analyzed by using SAS (release 6.11, SAS Institute, Cary, NC), and Student's t test was used for mean comparisons.
Results
Hyperglycemia, Elevated Body Weight, and Obesity in OE Mice. As shown in Fig. 1 , GPX1 activity in liver and soleus muscle of OE mice was 21% and 3-fold greater (P Ͻ 0.05) than that of WT mice, respectively. However, these two genotypes had similar activities of GPX3, GPX4, thioredoxin reductase, glutathione S-transferase, Cu,Zn-superoxide dismutase, and Mn-superoxide dismutase in plasma, liver, or muscle (Table 1 ). Blood glucose concentrations were similar between the OE and the WT mice initially (8 weeks of age), but became 27% greater (P Ͻ 0.05) in the OE mice than the WT mice at 24 weeks of age ( Fig. 2A) . The OE mice were 37% heavier (37 vs. 27 g, P Ͻ 0.001) than the WT mice at 24 weeks of age (Fig. 2B) . The dual-energy x-ray absorptiometry of whole body indicated that fat deposition was responsible for the increased body weight in the OE mice, because those mice had 37% body fat, compared with 17% in WT mice (P Ͻ 0.05, Fig. 2C ). There was no difference in body protein or mineral content between the two groups of mice (data not shown). Hyperinsulinemia and Elevated Plasma Leptin in OE Mice. Initial (8 weeks old) plasma insulin and leptin concentrations were not significantly different between the two genotypes (Fig. 3) . However, the OE mice had elevated plasma insulin and leptin concentrations as high as 3.2-fold (P Ͻ 0.05) of those of the WT mice at 24 weeks of age (insulin: 1,350 vs. 419 pg͞ml; leptin: 16 vs. 5 ng͞ml).
Insulin Resistance in OE Mice. Whole-body sensitivity to insulin, measured by the relative blood glucose reductions in response to an insulin challenge, was not different between the two genotypes at 8 weeks of age (Fig. 4A) . However, the OE mice demonstrated insulin resistance compared with the WT mice at 24 weeks of age (Fig. 4B) . After the insulin injection, the reductions of whole-blood glucose, relative to their initial levels, were 25% less (P Ͻ 0.05) in the OE mice than in the WT mice at 30 and 60 min.
Diminished Phosphorylations of Insulin Receptor and Akt in OE Mice.
To elucidate the mechanism by which overexpression of GPX1 led to insulin resistance, we examined insulin signaling in two insulin-sensitive tissues, liver and skeletal muscle, of the WT and OE mice. As shown in Fig. 5A , the overexpression of GPX1 had no effect on hepatic insulin receptor ␤-subunit protein levels. However, the insulin-stimulated phosphorylation of the insulin receptor was attenuated by Ϸ70% (P Ͻ 0.05, n ϭ 6 for each genotype) in the OE mice, compared with the WT mice (Fig.  5B) . Likewise, the overexpression of GPX1 had no significant effect on the Akt protein levels in liver or soleus muscle (Fig. 6  A and B) . However, the insulin-induced phosphorylations of Akt at Ser 473 and Thr 308 in both liver and muscle were 30-55% lower (P Ͻ 0.05, n ϭ 6-8 for each genotype) in the OE mice than in the WT mice (Fig. 6 ).
Discussion
The most interesting finding from the present study is the development of insulin resistance in mice with elevated expression of a major antioxidant selenoprotein, GPX1. Compared with the WT mice, the OE mice showed hyperglycemia, hyperinsulinemia, elevated body fat accretion and plasma leptin, and reduced insulin sensitivity at 24 weeks of age. The malady matches signs typical of insulin resistance. It is striking that overexpression of GPX1, an effective intracellular enzyme against ROS (8, 9, 25), does not improve, but reduces, body insulin sensitivity in mice. Our finding is strongly supported by a recent human study. Chen et al. (26) have observed a significantly (P Ͻ 0.01) positive association between increases in erythrocyte GPX1 activity and levels of insulin resistance in normal pregnant women from 16 weeks of pregnancy (entry of study) to the third trimester. That association was also highly (P Ͻ 0.05) related to dietary fat intake and ethnic differences. The concurrence of GPX1 activity increase and insulin resistance during pregnancy provides not only a strong physiological basis, but also clinical relevance for our data.
Because we report that insulin resistance is related to the overexpression of an antioxidant enzyme in mice, our results are apparently contrary to the popular notion that incidences of insulin resistance and diabetes inversely correlate with tissue antioxidant enzyme activities (13, 27, 28) . In addition, a causative role of ROS has been suggested in the onset of insulin resistance or type 2 diabetes (3, 4), implying possible benefit of supplemental antioxidants in improving insulin function. However, Values are means Ϯ SE (n ϭ 3-5). GSH, glutathione.
Fig. 2.
Effect of GPX1 overexpression on whole-blood glucose (A), body weight (B), and body fat (C) of mice. Whole-blood glucose was measured in mice fasted overnight by using tail blood. Body fat accretion in mice (24 weeks of age) was determined by dual-energy x-ray absorptiometry. Values are means Ϯ SE (n ϭ 4 -6 per genotype), and the asterisks indicate differences (P Ͻ 0.05) between the two genotypes.
these notions have been largely derived from clinical investigations or studies using conventional animal models. The complexity of clinical data and the limitation of those models, along with the use of gross status of antioxidant enzymes in whole tissues or extracellular fluids in these studies, might have contributed to the discrepancy with our results. Another challenge to our findings is the insulin-mimetic effect of Se (29) . Since the initial illustration of that property of Se in isolated rat adipocytes (11), a number of studies have shown the ability of selenate to initiate the translocation of glucose transporters to the membrane surface (30) and to induce phosphorylation of the insulin receptor (31) or insulin receptor substrate 1 (32) . Because overexpression of GPX1, the most abundant biochemically functional form of body Se (6), does not duplicate the insulin-mimetic effect of Se in the present study, that effect of Se is unlikely mediated by selenoproteins, but rather by the element itself. This view is supported by a recent rat study in which only selenate, but not selenite, was effective in that regard (33) .
The key question related to our findings is how overexpression of GPX1 in mice induced insulin resistance. We believe that the most plausible mechanism could be the effect of GPX1 overexpression on intracellular H 2 O 2 tone. Although the general role of H 2 O 2 , if any, in insulin signaling is still controversial, H 2 O 2 can undoubtedly modulate the insulin-induced phosphorylation of the insulin receptor ␤-subunit (19) and Akt (21) . It has been shown that insulin stimulation generates a burst of H 2 O 2 in hepatoma and adipose cells that is associated with a reversible oxidative inhibition of overall cellular protein-tyrosine phosphatase activity (20) . Thus, maintenance of normal activity of protein-tyrosine phosphatase is critical to the regulation of reversible tyrosine phosphorylation in the insulin signaling cascade and, hence, insulin sensitivity. Meanwhile, a recent study has suggested a role of ROS, including H 2 O 2 , in the activation of Akt through phosphorylation of Ser 473 (34) . Apparently, normal or minimal levels of intracellular ROS or H 2 O 2 are required for sensitizing insulin signaling. Overexpression of GPX1 may accelerate the quenching of the intracellular H 2 O 2 burst after insulin stimulation, resulting in less inhibition of protein-tyrosine phosphatase activity and, subsequently, attenuated phosphorylation of insulin receptor (Fig. 5B) . Presumably, the diminished intracellular H 2 O 2 concentrations in the OE mice might also be responsible for their reduced phosphorylation of Akt in liver and soleus muscle (Fig. 6) . Fig. 3 . Effect of GPX1 overexpression on plasma insulin (A) and leptin concentrations (B) of mice at 8 and 24 weeks of age. Both hormones were measured by ELISA in mice fasted overnight. Values are means Ϯ SE (n ϭ 4 -6 per genotype), and the asterisks indicate differences (P Ͻ 0.05) between the two genotypes at a given time point. Fig. 4 . Effect of GPX1 overexpression on insulin sensitivity of mice at 8 (A) and 24 (B) weeks of age. After fasted mice (n ϭ 8 -13 per genotype) were given an injection (i.p.) of insulin (0.25 unit͞kg), whole-blood glucose was measured at the indicated time points by using the Glucometer (Bayer). Values are expressed as the percentage of the initial glucose levels, and the asterisks indicate differences (P Ͻ 0.05) between genotypes within a given time point. 5 . Effect of GPX1 overexpression on hepatic insulin receptor (␤-subunit) (IR␤) protein (A), the insulin-stimulated phosphorylation of hepatic insulin receptor (␤-subunit) (P-IR␤) (B), and the relative quantification of phosphorylated hepatic insulin receptor (␤-subunit) (C). Fasted mice (24 weeks of age) were given an injection of saline (S) or insulin (I; 5.0 units͞kg of body weight), and liver samples were collected 3 min after the injection. The Western blot analysis of insulin receptor protein was performed by separating freshly prepared tissue homogenates (50 g of protein per lane) on an SDS͞PAGE gel (10%) and probing with an antibody against insulin receptor (␤-subunit, C-19; Santa Cruz Biotechnology). Phosphorylation of hepatic insulin receptor was detected by SDS͞PAGE (10% gel) using the 4G10 antibody (Upstate Biotechnology) after the immunoprecipitation of tissue homogenate (200 g protein per sample) with the above-described antibody against insulin receptor. The blots are representative of three independent experiments. The relative density values of phosphorylated hepatic insulin receptor (␤-subunit) are means of six mice for each genotype (n ϭ 6) from the three experiments, and the asterisk indicates a significant genotype difference (P Ͻ 0.05).
A possible impact of GPX1 overexpression on mitochondrial ROS and oxidative phosphorylation (35) might also contribute to insulin resistance in the OE mice. In certain tissues such as liver and kidney (7), GPX1 is expressed in both cytosol and mitochondria. In fact, we detected a greater GPX1 activity in the liver mitochondria of the OE mice than that of the WT mice (117 vs. 197 units͞mg protein, n ϭ 7, P Ͻ 0.05). Probably because of the low abundance of GPX1 (7) in muscle, we were unable to detect GPX1 protein or activity in the mitochondrial fractions prepared (7, 36) from the very limited amount of soleus muscle of individual mice. However, others have clearly shown the existence of GPX1 in the muscle mitochondria (36) . As the main site of cellular energy, mitochondria produce much of the cellular H 2 O 2 via Mn-superoxide dismutase (37) . Thus, altered GPX1 expression in mitochondria may affect its ROS tone and oxidative phosphorylation (7) . Although it is unclear to us how mitochondrial GPX1 or ROS directly modulates insulin function, impaired oxidative phosphorylation in liver and muscle mitochondria has been shown to be linked with insulin resistance or type 2 diabetes in humans (38, 39) . In addition, elevated GPX1 activity in mitochondria may reduce its release of H 2 O 2 to cytosol (7), and then desensitizes insulin signaling as discussed above.
Although inherent diabetic phenotypes have been shown to be associated with the creation of transgenic mice (40) , it is highly unlikely the cause of insulin resistance in the OE mice of the present study. This is because we found hyperglycemia and obesity in another group of OE mice derived from a different founder line (data not shown). Likewise, insulin resistance in the OE mice cannot be attributed to other compensatory changes caused by GPX1 overexpression, because we found no differences in activities of other Se-dependent or antioxidant enzymes in liver or muscle between the OE and WT mice. In addition, these two genotypes showed no differences in hepatic F 2 -isoprostanes (a sensitive in vivo biomarker of lipid peroxidation), plasma glutathione͞glutathione disulfide, or stress-related signal proteins (mitogen-activated protein kinase p-38 and c-Jun Nterminal kinase) in liver or muscle (data not shown). Hyperphage can also be ruled out as the cause of insulin resistance in OE mice. We found no significant differences in daily food intake between the OE and WT mice (4.2 vs. 4.0 g, n ϭ 8, P ϭ 0.65) from three independent observation periods (weeks). However, it will be fascinating to find out whether caloric restriction can affect the development of insulin resistance in the OE mice.
The combined attenuation in the insulin-mediated phosphorylation of insulin receptor in liver and Akt in both tissues of the OE mice is rather unique. Disruptions in hepatic glucose metabolism impart an important role in the development of hyperglycemia and type 2 diabetes (41). Liver dysfunction may cause hyperglycemia and insulin resistance, and mice lacking hepatic insulin receptors develop hyperglycemia, hyperinsulinemia, glucose intolerance, and insulin resistance (42) . Insulin sensitivity and obesity can be improved by knockout of protein tyrosine phosphatase-1B that dephosphorylates the insulin receptor (18) . Thus, diminished hepatic insulin receptor phosphorylation in the OE mice might be a major contributor to their insulin resistance and obesity, because we did not find that change in muscle (data not shown). Because the PI-dependent serine-threonine protein kinase Akt functions as an essential intermediate in the signaling pathway by which insulin controls glucose uptake and hepatic gluconeogeneis (43) , insulin resistance has been associated with impaired Akt activation and decreased glucose transport (17) . In fact, mice lacking the Akt2 protein are insulin resistant and develop a diabetes-like syndrome (44) . Thus, the diminished insulin-mediated phosphorylation of Akt at Ser 473 and Thr 308 in liver and soleus muscle of OE mice likely contributed to the development of insulin resistance. Meanwhile, the effect of GPX1 overexpression on insulin receptor and Akt phosphorylations implies a critical role of normal or minimal intracellular ROS in sensitizing insulin signaling.
Illustrating the impacts of GPX1 overexpression on glucose metabolism and insulin function has multiple physiological and pharmacological implications. First, it provides us with an etiological factor for insulin resistance, and argues against the general belief in the beneficial effects of antioxidant enzymes on insulin function that may not reflect the actual role of any specific enzyme such as GPX1 at the intra-or subcellular level. Second, the opposite impact of GPX1 overexpression to that of selenate on insulin function indicates that the insulin mimetic effect of Se is probably caused by the element itself, not selenoproteins, at least not GPX1. Third, alterations of GPX1 allele frequencies have been identified and associated with human cancers (45, 46) . As discussed above, elevated erythrocyte GPX1 activity is associated with insulin resistance, dietary fat intake, and ethnic difference in pregnant women (26) . If the impact of GPX1 expression on insulin resistance is indeed mediated via cytosolic and͞or mitochondrial ROS, variations in other antioxidant compounds or enzymes in human populations (47) may produce similar outcomes. Effects of GPX1 overexpression on the phosphorylation of insulin receptor and Akt may shed light on new drug developments to treat insulin resistance. Finally, the phenotype of the OE mice, including hyperglycemia, hyperinsulinemia, obesity, and reduced insulin sensitivity, offers a desirable model for the study of antioxidant balance, insulin resistance, and type 2 diabetes (40, (48) (49) (50) .
